Background: Hypertension tends to run in families and has both genetic and environmental determinants. We assessed the hypothesis that a novel healthy blood pressure (BP) phenotype is also familial and sought to identify its associated factors.
INTRODUCTION
H ypertension is familial with known genetic and environmental determinants [1] . The prevalence of hypertension among American older adults (aged !60) is 65% [2] , with the prevalence increasing with age [3, 4] . The Framingham Heart Study estimated a 90% life time risk of developing hypertension for those normotensive at age 55 [5] . Clinical research on blood pressure (BP) is generally focused on hypertension and treatment to reduce BP [6, 7] . The American Heart Association has begun shifting its focus to promoting cardiovascular health and disease prevention [8] . To address the American Heart Association goals, the focus of research on hypertension should be shifted to the factors contributing to healthy BP [9] . Not becoming hypertensive, that is, having healthy untreated BP throughout old age, is a rare phenotype [10] that may have unique determinants that influence health and longevity.
The Long Life Family Study (LLFS) recruited long-lived individuals and their siblings, offspring, and siblings' offspring. Such a cohort, where families were selected for longevity, may be useful in: identifying a healthy BP phenotype, examining whether healthy BP is familial, and determining its environmental and behavioral associations. It has been shown that LLFS participants are healthier than other older adult cohorts; specifically they perform better on physical function tests and have fewer cardiovascular risk factors [11] . Participants in the LLFS proband generation also have a delayed onset of aging-related diseases [12] . Typically, SBP increases with age and has been shown to be a stronger predictor of age-related outcomes than DBP or pulse pressure [13] [14] [15] . Thus, individuals with BP, especially SBP, that is healthier than expected for their age may represent an endophenotype explaining a biological pathway, influencing health and longevity in the LLFS cohort. Families with this phenotype might have novel genetic variants or shared environments that promote longevity.
We previously developed a healthy memory phenotype in the LLFS [16] . Similarly, in this report, we used SBP to classify participants in the offspring generation of the LLFS as having healthy BP to identify families with exceptional cardiovascular health. Our specific aims were to assess the hypothesis that healthy BP is common in LLFS families and to examine whether families with healthy BP are healthier in other domains when compared with remaining LLFS families.
METHODS

The Long Life Family Study
The LLFS recruited families demonstrating clustering for longevity, with the objective to examine familial and nonfamilial environmental, behavioral, and genetic determinants of healthy aging and exceptional survival. Families were recruited from four centers; three in the United States: Boston, New York, and Pittsburgh, and one in Denmark. Family eligibility criteria were: first, long-lived individual (proband) aged at least 90, second, at least one enrolled sibling of the proband, third, at least one enrolled offspring of either the proband or their sibling(s), and fourth, the proband generation demonstrated clustering of exceptional survival (Family Longevity Selection Score [17] !7). The LLFS protocol was approved by the Human Research Protection Office of the coordinating center at Washington University, the Regional Scientific Ethical Committees for Southern Denmark, and the institutional review boards at the University of Pittsburgh, Boston University, and Columbia University. More information on study recruitment has been published elsewhere [11] . All participants provided informed consent.
The LLFS cohort is primarily white (>99%) and includes two generations: the proband generation and the offspring generation. The proband generation includes the proband and many of their siblings. The offspring generation includes as many offspring of participants in the proband generation as possible. The LLFS also recruited as many spouses as possible from both generations, but information from these participants was not included in this analysis. Among the offspring, there were 86 excluded from the analysis because they were missing SBP. Families included in the analysis had at least two offspring in the study. Thus, the analysis sample size was 419 families comprised of 2211 offspring and 1164 probands.
Examination
The initial phenotypic data and blood sample collection were performed in the participant's home near the time of enrollment which occurred during 2006-2009. The inhome visit measured BP as an average of three measurements while the participant was sitting with their feet flat on the floor and conversation kept to a minimum (BpTRU blood pressure monitor 300; VSM MedTech, Coquitlam, British Columbia, Canada). BP cuffs were applied to the upper right arm (or left if there was a medical reason) in a relaxed position at their side. Cuffs were available in five sizes: extra-large, large, regular, small, or child. If the largest cuff did not fit the upper arm, BP was measured on the forearm. Technicians measuring BP went through a stringent certification procedure to minimize observer variations. If BP was out of the normal range, participants were advised to see their physician.
Participants self-reported sex, race, ethnicity, smoking status, and years of education. History or presence of disease(s) was based on a self-report of a physician's diagnosis. The category of heart disease included prior myocardial infarction and/or coronary artery bypass surgery; stroke included stroke or transient ischemic attack; and hypertension included SBP at least 140 mmHg, DBP at least 90 mmHg, or history of hypertension confirmed by the use of antihypertensive medication(s). Lung function was assessed by spirometry (EasyOne; ndd Medical Technologies, Androver, Massachusetts, USA) following American Thoracic Society guidelines. Gait speed [18] and grip strength were determined with standardized measures. The Activities of Daily Living Questionnaire was also administered. Participants were asked to fast for at least 8 h prior to a blood draw (though phlebotomy was still performed if they did not fast). Glucose, total cholesterol, HDL and LDL cholesterol, triglycerides, creatinine, and cystatin C were measured in the blood by the LLFS central laboratory at the University of Minnesota. Glomerular filtration rate was estimated using the following equation [19] Ideal cardiovascular health was classified using the American Heart Association definition [8] . A participant had ideal cardiovascular health if they met the following criteria: first, smoking status: never or quit >12 months ago; second, BMI less than 25 kg/m 2 ; third, physical activity: at least 150 min/week of moderate intensity or at least 75 min/ week of vigorous intensity, or a combination of both at least 150 min/week; fourth, untreated total cholesterol less than 200 mg/dl; fifth, untreated BP less than 120/80 mmHg; and sixth, untreated fasting plasma glucose less than 100 mg/dl. A diet consisting of fruits, vegetables, fish, fiber-rich whole grains, nuts, legumes, seeds, and minimal: sodium, sugarsweetened beverages, processed meats, and saturated fats is also a component of this definition; however, these components of diet were not measured in the LLFS.
Cognition was assessed using the mini-mental state examination [20] (range: 0-30), and a battery of other cognitive tests. The digit symbol substitution test [21] measured information processing speed, working memory, and visuospatial scanning (range: 0-100). Semantic fluency (range: 0-154) was the sum of animals and vegetable fluency tests [22] (both tests range from 0 to 77), where participants named as many animals and vegetables as possible, respectively, in 60 s. Attention/working memory (range: 0-24) was the sum of digit span forward and backward [23] (both tests range from 0 to 12), where participants heard number sequences of increasing difficulty and were asked to repeat the sequences forward and backward, respectively. Episodic memory was assessed by participants' ability to recall a short passage immediately and 30 min after hearing the story (both tests range from 0 to 25) [23] , where overall memory was the sum of the two (range: 0-50). Higher scores on all neuropsychological tests were favorable. Cognitive performance was also represented as a single measure in the form of an endophenotype (based on tests of animal and vegetable recall, digit forward and backward, and immediate and delayed memory) developed using factor analysis by Singh et al. [24] .
Healthy blood pressure phenotype Individual-level healthy blood pressure phenotype Measurements from participants in the offspring generation (ages 32-88) were used to develop a healthy BP phenotype. We initially defined a healthy BP phenotype using a simple cutoff of less than 120 mmHg SBP and less than 80 mmHg DBP, as in the American Heart Association definition of ideal BP, but we noted that this identified younger individuals and families. To identify individuals across a wide age range, we changed our approach to use SBP z-scores that were age-adjusted and sex-stratified. Offspring on antihypertensive medication (n ¼ 610, 27.6%) were excluded and SBP from the remaining 1601 offspring was used to calculate the age-adjusted, sex-stratified SBP z-scores. Offspring were defined as meeting the individuallevel healthy BP phenotype if their SBP z-score was between À1.5 and À0.5. In other words, if they had a SBP lower (better) than average for their age and sex, but not too low. Because both high and low BP is associated with poor health and adverse outcomes in older adults, offspring with an adjusted SBP z-score outside the range of À1.5 to À0.5, or who were taking antihypertensive medication, were classified as not meeting the individual-level healthy BP phenotype.
Family-level healthy blood pressure phenotype A family was defined as meeting the healthy BP phenotype if at least 2 and at least 50% of their offspring met the individual-level healthy BP phenotype. The healthy memory phenotype that was developed in the LLFS cohort [16] classified families as having healthy memory if they had at least two offspring with healthy memory. However, we were concerned that this definition may be biased toward selecting larger families. To address this issue when identifying families with healthy BP, we added a second criterion on to the definition that also required at least 50% of offspring in a family had healthy BP.
Statistical analysis
Distributions of all variables were assessed for normality. The distribution of SBP was confirmed to be normal in offspring who were not taking antihypertensive medication. Linear regression models of SBP on age, while stratifying by sex were applied using measurements from offspring who were not taking antihypertensive medication. The predicted SBP values and the standard error (SE) of prediction (root mean squared error) were used to calculate a SBP z-score for each offspring by subtracting their predicted value from their observed SBP and dividing by the respective sex-specific SE. This gave us a standardized value for each offspring describing how far their SBP deviated from the average for their sex and age.
Mean (SD) or frequency (%) were used to describe differences in demographic, health status, physical performance, and neuropsychological test performance measured at enrollment in offspring who met the individuallevel healthy BP phenotype versus offspring who did not. Effect sizes were used to quantify the magnitude of the differences between offspring who met the healthy BP phenotype versus offspring who did not relative to the amount of variability among the two groups. An effect size is interpreted as a z-score from a standard Normal distribution, thus, it illustrates how many SDs above or below the average individual among those who met the healthy BP phenotype is compared with the average individual among those who did not meet the healthy BP phenotype. Effect sizes were calculated using Cohen's d for continuous measures and phi coefficient for categorical measures. Differences in the two groups were tested using generalized estimating equations, which adjusted for relatedness of individuals and differences in family size. All differences, except for neuropsychological test performance, were also tested while additionally adjusting for age and sex. Differences in neuropsychological test performance were examined while adjusting for age and education instead. The same descriptive statistics and tests were performed when comparing offspring and probands from families with the healthy BP phenotype versus offspring and probands, respectively, from remaining families. As a sensitivity analysis, we compared results using our adjusted z-score approach to the results using a simpler approach of a standard BP cutoff of 120/80 mmHg.
RESULTS
Individual-level healthy blood pressure phenotype
Out of the 1601 offspring who were not on antihypertensive medication, 476 had a SBP z-score between À1.5 and À0.5, thus meeting the individual-level healthy BP phenotype. Figure 1 shows the actual SBP for an adjusted z-score between À1.5 and À0.5 versus age for men and women and the equations used to calculate the z-scores. For a z-score between À1.5 and À0.5 for less than 55 years of age, the range of observed SBP was 91-112 mmHg for women and 94-116 mmHg for men and for 75 and older observed SBP ranged from 118-138 mmHg for women and 118-132 mmHg for men. The 610 offspring on antihypertensive medication were classified as not meeting the individuallevel healthy BP phenotype.
Comparisons of offspring who met the individual-level healthy BP phenotype versus offspring who did not are listed in Tables 1-4 . Offspring with healthy BP had a slightly younger average (SD) age when compared with remaining offspring [59.5 (7.8) and 60. 8 (8.4) , respectively] and were more highly educated. Adjusting for age and sex, offspring with healthy BP had significantly lower average BMI, fasting glucose, triglycerides, and cystatin C; and significantly higher HDL cholesterol, forced vital capacity, ankle-arm index, and gait speed. In addition, they presented with a significantly (adjusting for age and sex) smaller proportion of heart disease, stroke, diabetes, and taking lipid-lowering medication when compared with offspring who did not meet the individual-level healthy BP phenotype. Offspring with healthy BP had an average grip strength that was slightly less than remaining offspring [31.6 kg (11.2) and 32.5 kg (11.4), respectively].
Among those who met the individual-level healthy BP phenotype, 13.4% (16.4% for those ages 40-59 and 10.2% for those ages !60) also met the American Heart Association definition of ideal cardiovascular health for the six measured components; whereas among those who did not meet the individual-level healthy BP phenotype, only 1.8% (3.3% for those ages 40-59 and 0.5% for those ages !60) had ideal cardiovascular health. This difference was driven by a higher proportion of offspring meeting the American Heart Association ideal definition of BP, BMI, cholesterol, and fasting glucose among those who met the individuallevel healthy BP phenotype versus those who did not.
Offspring who met the individual-level healthy BP phenotype also performed modestly (but significantly) better on most neuropsychological tests: overall episodic memory and semantic fluency were 1.5 and 1.7 points higher, respectively, than remaining offspring (Table 4) . Offspring who met the individual-level healthy BP phenotype had an average cognitive endophenotype score that was 0.39 SDs better than offspring who did not meet the individuallevel phenotype.
Family-level healthy blood pressure phenotype
There were 44 (10.5%) families (195 offspring and 112 probands) with healthy BP because they had at least 2 and at least 50% of their offspring meeting the individuallevel healthy BP phenotype ( Offspring from the 44 families with the healthy BP phenotype tended to be healthier on some measures than offspring from the 375 remaining families (Tables 5-8) . Adjusting for age and sex, offspring from families with healthy BP had a significantly lower average BMI when compared with offspring from remaining families. There were 7% more offspring who met the American Heart Association definition of ideal cardiovascular health among families with healthy BP versus remaining families, where the difference was driven by BP, smoking, and BMI. On average, offspring from families with healthy BP performed 0.37, 0.29, and 0.23 SDs higher than offspring from 
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Probands from the 44 families with healthy BP also tended to be healthier on some measures compared with probands from remaining families (Tables 5-8 ). Adjusting for age and sex, probands from families with healthy BP had a better average HDL cholesterol and healthy aging index [25] score when compared with probands from remaining families. Even though families were not selected based on proband BP, probands from families with the healthy BP phenotype had lower BP and less hypertension. Probands from families with healthy BP had an average SBP and DBP that was 5.4 and 2.2 mmHg lower, respectively, and 12.2% fewer with hypertension than probands from families without the healthy BP phenotype. Probands from families with healthy BP also performed better, on average, on all neuropsychological tests, although only digit symbol substitution and digit span backward were statistically significant. On average, probands from families with healthy BP performed about a quarter of a SD higher on both the digit symbol substitution and the digit span backward than probands from remaining families.
Blood pressure of 120/80 mmHg versus our adjusted z-score approach
In a sensitivity analysis, we used the American Heart Association definition of ideal BP to develop the individual-level healthy BP phenotype. This method identified more of the younger individuals and families as having healthy BP when compared with our adjusted z-score approach (Supplementary Fig. 1 , http://links.lww.com/HJH/A828). The adjusted z-score approach defined a more stringent healthy BP for women 63 and younger and for men 59 and younger than the American Heart Association definition of ideal BP (Fig. 1) . Our adjusted z-score approach also tended to select families with healthier probands. Though, patterns of associations between these two phenotype definitions and health factors were similar (Supplementary Tables 1 and  2 , http://links.lww.com/HJH/A828).
DISCUSSION
We developed a healthy BP phenotype in the LLFS by classifying families as having healthy BP if they had at least two and at least 50% of their offspring with healthy BP. We found that healthy BP did not cluster greatly within families; only 10.5% (n ¼ 44) of families met our criteria for healthy BP. Within these families, a higher proportion of offspring met the American Heart Association definition of ideal cardiovascular health when compared with offspring from remaining families (driven by BP, smoking status, and BMI components). Participants in the offspring and proband generation from families with healthy BP performed modestly, but significantly better on tests that measure multiple 
Offspring of participants in the proband generation (N=2211)
Offspring who met the individual-level healthy blood pressure phenotype (n=476)
Offspring from 44 families classified as having healthy blood pressure (n=195) FIGURE 2 Diagram comparing the proportion of offspring who met the individuallevel healthy blood pressure phenotype and the proportion of offspring from families classified as having healthy blood pressure versus the total sample of offspring.
cognitive abilities, but also share a common reliance on aspects of executive function than offspring and probands from remaining families. Notably, our adjusted z-score approach had a threshold of classifying participants with healthy BP that was less than 120 mmHg for women 63 and younger and for men 59 and younger. Although, the American Heart Association uses a single cutoff of 120 mmHg, the association of SBP and mortality is continuous with the nadir of risk at approximately 110 mmHg for adults without impaired function from the Atherosclerosis Risk in Communities study [26] . Conversely, LLFS offspring in their 80s would still be classified as having healthy BP if their SBP was above the American Heart Association cutoff of 120 mmHg, specifically they would be classified as having healthy BP if their SBP was around 115-140 mmHg. Our adjusted z-score approach also tended to identify families that had healthier probands, on average, than simpler methods. This gave us a multigenerational phenotype, that is, a phenotype that identified families that had healthy probands in addition to their offspring. Using our adjusted z-score approach to develop a phenotype based on relative health (rather than a simple cutoff identifying younger participants) that is also multigenerational may be more successful when it comes to identifying genetic variants associated with healthy BP. Our z-score approach did classify 50 offspring as meeting the individual-level healthy BP phenotype who had a DBP characterized as unhealthy (>80 mmHg) based on the American Heart Association definition, though the majority of these participants' DBP was marginally unhealthy (44/50 had a DBP between 80 and 85 mmHg). In addition, we want to emphasize our z-score approach was not intended to suggest BP targets with age, but instead was intended to identify individuals in the LLFS who had relatively healthy BP and LLFS families who had a clustering of members with healthy BP.
As LLFS families were selected for exceptional survival, we expected a high prevalence of a healthy aging phenotype, that is, healthy BP. We know not all populations experience an increase in BP with age. For example, remote populations with low sodium intake in the INTERSALT study had a 103 mmHg average SBP with little to no change with age [27] . Similarly, a longitudinal study of Tsiamane forager-farmers found a substantially smaller increase in BP with age when compared with the US population [28] . Protective environmental/behavioral factors, such as a protective diet, among multiple family members in the LLFS cohort may be rare which may be why only a few families had multiple members with healthy BP.
The proportion of offspring who met the American Heart Association definition of ideal cardiovascular health among families with and without the healthy BP phenotype (10.8 and 3.8%, respectively) were both larger than the prevalence in the United States. The US prevalence of ideal cardiovascular health for at least six components is only 0.1% for those 60 and older and 2.9% for ages 40-59 [29] . The Atherosclerosis Risk in Communities study (44% men, all free of cardiovascular disease) reported 3.7 and 2.0% of their participants ages 40-54 and 55-64, respectively, had ideal cardiovascular health for at least six components [30] . Among participants from The Framingham Offspring Study (mean age ¼ 58, 45% men) only 4.6% had ideal Healthy blood pressure in the Long Life Family Study cardiovascular health for at least six components [31] . Other studies have reported similarly low proportions of ideal cardiovascular health [32] . LLFS probands (ages 71-110) also had a larger proportion who met the definition of ideal cardiovascular health than the prevalence in the US population 60 and older (1.4 and 0.1%, respectively), specifically, probands from families with healthy BP were more similar to the prevalence in the US population ages 40-59 (2.3 and 2.9%, respectively). By this metric, LLFS participants are quite a bit healthier than the US population, consistent with the study design [11] . Offspring and probands from families with healthy BP performed modestly, but significantly better on measures of psychomotor speed and aspects of executive functioning, including complex attention and working memory when compared with offspring from remaining families. In contrast, there was no significant difference in episodic memory across families. Consistent with this pattern of cognitive findings, previous studies have shown that hypertension is a risk factor for incident cognitive impairment and dementia, specifically declines in executive functioning and processing speed, whereas memory domains are less affected [33] . We also found that only a few LLFS families were classified as having both healthy BP and healthy memory according to the previously developed phenotype in the LLFS [16] . Differences in these two phenotypes may indicate that factors underlying healthy BP and healthy memory may not be on the same biological pathway influencing health and longevity.
Offspring who met the individual-level healthy BP phenotype were healthier in domains other than BP, such as: metabolic health, neuropsychological test performance, respiratory health, and gait speed, as well as they had a lower prevalence of heart disease, stroke, and diabetes. When examining differences among families, we found that families who met the healthy BP phenotype were not healthier on domains other than neuropsychological tests when compared with families who did not meet the healthy BP phenotype. This suggests healthy aging across multiple systems may not cluster within families and that LLFS families may have varying pathways to longevity. This is consistent with findings from other studies showing that there are different patterns of survival to older ages that involve different combinations of environmental and genetic exposures with resultant different combinations of subphenotypes [24, 34] .
A limitation of this analysis is it does not provide direction of causality for the association detected between families with healthy BP and better performance on tests of executive function. It is possible that individuals with better executive function are equipped with a set of cognitive skills that allow them to gather and evaluate information on their lifestyle and change their behavior and environment in response, thus resulting in a healthier and more stable BP as they age. Conversely, it is also possible that an individual's healthy and stable BP enables the necessary perfusion of prefrontal cortex and/or subcortical brain structures that contribute to the integrity of executive function. Future longitudinal assessments in this novel cohort study may provide information indicative of a potential direction of this association. In addition to the limitation of cross-sectional analysis, a second limitation is lack of specific indicators of vascular health such as carotid ultrasound at baseline, though this is currently being measured at follow-up. Lastly, the lack of dietary information and other important risk factors such as uric acid is also a limitation of the study.
In summary, we found that in this cohort of families with longevity, relatively few families had healthy BP in multiple family members. Families and individuals with healthy BP performed better on neuropsychological tests that place demands on complex attention and executive function and have a higher proportion with ideal cardiovascular health when compared with the US population. BP is potentially a key pathway for family longevity. 
